I nflammatory bowel diseases (IBD), comprising the 2 main idiopathic pathologies of ulcerative colitis (UC) and Crohn's disease (CD), are spontaneously relapsing immune-mediated inflammatory disorders of the gastrointestinal tract. An accepted hypothesis for the pathogenesis of IBD is that the genetically susceptible host develops an aggressive immune response toward the intestinal commensal microbiota. There are 2 general scenarios leading to these pathologic circumstances: either the disease defect originates from the mucosal immune system associated with the loss of tolerance against luminal microbial antigens, or the fundamental abnormality is based on compositional and/or functional changes in the gut microbiota. 1 Several studies in experimental rodent models as well as clinical trials suggest the crucial role of the gut microbiota in the development of IBD. 2, 3 With regard to the intestinal epithelium, the importance of the barrier function in limiting access of luminal antigens to underlying tissues is pivotal for the symbiosis between the intestinal microbiota and the host. In the context of IBD, intestinal barrier dysfunction has been associated with disease pathogenesis, 4, 5 although additional triggers seem to be required for disease development. 6 Intestinal epithelial cells (IECs) form a tight line of defense against harmful molecules and microorganisms. Tight junctions (TJs) and adherence junctions provide barrier function and mediate cell-cell contact between IECs. The pathogenicity traits of a number of pathogens, including enterohemorrhagic Escherichia coli, 7 Salmonella typhimurium, 8 Shigella flexneri, 9 or Campylobacter jejuni, 10 target the paracellular pathway to infect the host. It has been shown that specific virulence genes encoding toxins and other protein structures disrupt epithelial barrier functions through the direct disassembly of TJ proteins 11, 12 or modulation of intracellular pathways resulting in TJ protein redistribution. 13 The involvement of virulence factors is predominantly reported for pathogens, whereas putative virulence genes from commensal bacteria are largely ignored in the pathogenesis of IBD.
Monoassociation of gnotobiotic interleukin (IL)-10 -deficient (IL-10 Ϫ/Ϫ ) mice with Enterococcus faecalis strains revealed bacterial strain-specific effects on the development of experimental colitis, 14 possibly due to the expression pattern of virulence genes. E faecalis is one of the most abundant commensal bacterial species in the human gut microbiome 15 but displays a dualistic character; in fact, this species plays a role in a number of infectious processes such as endocarditis, 16 bacteremia, 17 and urinary tract infections. 18 During disease progression in IBD, the degradation of extracellular matrix and mucosal damage mediated by host-derived matrix metalloproteinases (MMPs) is one of the most serious consequences. 19 Recent studies associated MMP activity with changes in epithelial barrier function 20 and mucin production. 21 Within the large family of zinc-dependent MMPs are 2 gelatinases, MMP-2 and MMP-9, which share their main matrix substrates (type IV collagen, gelatin) and differ from other MMPs in terms of their structure. 22 Whereas MMP-9 is absent from healthy tissues, its expression and activity are increased in several animal models of colitis. 23, 24 In this study, we aimed at characterizing the role of commensal bacteria-derived proteases in the pathogenesis of IBD. We identified the 31.5-kilodalton metalloprotease gelatinase E (GelE) from E faecalis OG1RF as a putative candidate for our study. It displays similar substrate specificity as the mammalian endopeptidase 24.11 and Streptococcus thermophilus thermolysin (EC3.4.24.4). GelE expression is regulated by the fsr ABC(D) genes, which encode for a 2-component signal transduction system that is involved in bacterial biofilm formation. 25 To investigate the role of GelE in the development of chronic intestinal inflammation, we monoassociated germ-free wild-type (Wt) and IL-10 Ϫ/Ϫ mice with E faecalis OG1RF and 2 isogenic mutant strains, TX5264 and TX5266, both lacking GelE expression. Ussing chamber experiments with distal colon segments from noninflamed IL-10 Ϫ/Ϫ and TNF ⌬ARE/Wt mice revealed the effect of GelE on epithelial barrier function before histologic changes have occurred in the tissue. In addition, GelEproducing E faecalis strains isolated from patients with IBD supported the role of bacterial proteases in the context of epithelial barrier disruption.
Materials and Methods

Bacteria Strains, Cultivation, and Preparation of Concentrated Conditioned Media
For our study, we used the characterized E faecalis strain OG1RF. 26, 27 The isogenic mutants, TX5264 (⌬GelE) and TX5266 (⌬fsrB), were kindly provided by M. Gilmore (Sheepens Eye Research Institute, Boston, MA). The strains TX5439 28 (⌬gel reconstitution) and TX5266.01 29 (⌬fsrB reconstitution) were provided by B. Murray (University of Texas Medical School, Houston, TX). The reconstituted strains were accomplished by introducing stable plasmids (pTEX5438 and pTEX5249). These plasmids are not incorporated into the genome of the bacteria and therefore require the presence of erythromycin (10 g/mL). The noncharacterized E faecalis strains CD11, CD28.1, UC7, UC18.1, and AH114 were isolated from fecal samples of patients with IBD and healthy controls according to their ability to degrade gelatin. 30 Cultures were spotted onto Tryptic soy agar supplemented with 0.5 g/L L-cysteine and 1.6% Difco gelatin and displayed zonal changes around them. Bacteria were considered gelatinase positive and were identified by 16S to 23S ribosomal DNA intergenic spacer region sequencing. Bacteria were cultivated in brain heart infusion medium (BD, Sparks, MD) at 37°C under aerobic conditions. For preparation of concentrated conditioned media, bacterial culture supernatant from an overnight culture was concentrated (factor 50) by using an Amicon Filter System (Millipore, Billerica, MA) with an exclusion size of 10 kilodaltons.
Mice and Bacterial Monoassociation
The experiments with IL-10 Ϫ/Ϫ and Wt mice were performed in collaboration with R. B. Sartor at the Gnotobiotic Facility of the University of North Carolina at Chapel Hill. Germ-free IL-10 Ϫ/Ϫ and Wt mice on the 129S6/SvEv background were monoassociated at 15 to 18 weeks of age with E faecalis OG1RF and the mutant strains ⌬GelE and ⌬fsrB by oral gavage and rectal swab. After 15-week colonization, mice were killed and bacterial colonization was evaluated by 10-fold dilution series of cecal contents plated on Luria Bertani Agar. Animal use protocols were approved by the Institutional Animal Care and Use Committee of the University of North Carolina at Chapel Hill.
Please see Supplementary Materials and Methods for information on morphologic studies, isolation of primary mouse IECs, quantitative reverse-transcription polymerase chain reaction and Western blot, immunohistochemistry, cell culture experiments, protein purification, determination of protease activity with an azocasein activity assay and zymography, determination of GelE antigenicity, Ussing chamber experiments, investigation of GelE expression in E faecalis strains, degradation of recombinant E-cadherin, identification of proteins and cleavage sites with liquid chromatography-mass spectrometry (LC-MS/MS) analysis, and statistical analysis.
Results
E faecalis-Derived GelE Contributes to the Development of Experimental Colitis in IL-10 ؊/؊ Mice
Deregulated expression of host-derived MMP has been implicated in several diseases, including arthritis, atherosclerosis, colon cancer, and IBD. 19, 31, 32 In our study, we investigated the effect of E faecalis OG1RF-derived gelatinase, GelE, on the development of chronic intestinal inflammation. Therefore, we monoassociated germ-free Wt and IL-10 Ϫ/Ϫ mice for 15 weeks with E faecalis OG1RF and 2 isogenic mutants, ⌬GelE and ⌬fsrB, both lacking GelE expression. Histopathologic analysis (score 0 -4) revealed a significant reduction of proximal ( Figure 1A ) and distal ( Figure 1C Figure  1D ) colon are shown from paraffin-embedded tissue. Wt mice did not develop inflammation in any part of the colon, emphasizing the nonpathogenic nature of the E faecalis strains. Equal colonization was confirmed by 10-fold dilution series of cecal contents on LB agar, showing that the observed effects did not result from growth differences of the E faecalis strains (data not shown). Due to possible erythromycin-mediated immunosuppressive effects 33 and technical implementations that would compromise the interpretation of the experiment, we have not determined the inflammatory potential of the reconstituted E faecalis mutants TX5439 and TX5266.01 in IL-10 Ϫ/Ϫ mice. 
E faecalis-Derived GelE Does Not Trigger Antigen-Specific CD4 ؉ T-Cell Response
To investigate the colitogenic potential of E faecalis-derived GelE, we purified the protease from the culture supernatant of E faecalis OG1RF and TX5439, which is the GelE reconstituted ⌬GelE mutant strain, by using anion exchange chromatography. Furthermore, we purified the E faecalis lipoprotein EF1362 and used it as unrelated protein control in subsequent experiments. The purity was confirmed by sodium dodecyl sulfate/polyacrylamide gel electrophoresis followed by Coomassie straining (Figure 2A) . The proteolytic activity of GelE was measured using an azocasein activity assay ( Figure 2B ). Bacterial GelE activity can be inhibited by marimastat, known as a broad-spectrum MMP inhibitor ( Figure 2C ). To determine whether GelE evokes an antigen-specific T-cell response, we cultured MLN-derived CD4 ϩ T cells from E faecalis OG1RF monoassociated IL-10 Ϫ/Ϫ mice with antigen-presenting cells that had been pulsed with bacterial lysates from E faecalis OG1RF and ⌬GelE, as well as with purified GelE and KLH as negative control. Interestingly, the antigenic capacity of GelE seems not to be associated with the development of tissue pathology in OG1RF colonized IL-10 Ϫ/Ϫ mice, because purified GelE did not trigger interferon (IFN)-␥ responses in the coculture system ( Figure 2D ). In addition, lysates from Wt E faecalis ( Figure 2D , dark gray bar) and ⌬GelE ( Figure 2D , light gray bar) triggered comparable IFN-␥ responses in Figure 2 . Purification and proteolytic assessment of GelE from E faecalis OG1RF and its antigenic potential. (A) GelE was purified from bacterial culture supernatant of OG1RF and TX5439 (⌬GelE reconstituted strain) using anion exchange chromatography. The purity was determined by sodium dodecyl sulfate/polyacrylamide gel electrophoresis followed by Coomassie staining. (B) The protease activity of purified GelE and the concentrated conditioned media of E faecalis strains were assessed by an azocasein activity assay. (C) GelE activity could be inhibited by 15-minute preincubation with marimastat. To test antigenicity of GelE, splenic antigen-presenting cells from Wt mice were pulsed with KLH (negative control), purified GelE, or bacterial lysates from E faecalis OG1RF and ⌬GelE (10 g/mL) for 18 hours. Antigen-presenting cells were cocultured with CD4 ϩ T cells from E faecalis OG1RF monoassociated mice. Supernatants were collected after 72 hours, and IFN-␥ was measured by immunosorbent assay. Values represent mean Ϯ SD of IFN-␥ concentration in triplicate coculture supernatants from 4 animals (D).
activated T cells, clearly supporting the hypothesis that antigen-independent mechanisms are important for the disease-promoting effects of GelE.
GelE Triggers the Loss of Extracellular E-Cadherin Protein Domain and Tissue Resistance in Disease-Susceptible Mice
To identify the disease-promoting mechanisms of E faecalis-derived GelE, we next explored the role of GelE on the regulation of junctional proteins composing the epithelial barrier. Western blot analysis of isolated IECs from monoassociated Wt and IL-10 Ϫ/Ϫ mice showed slightly modulated expression levels of the TJ proteins occludin and JAM-A in the presence of GelE-producing E faecalis. However, the presence of the extracellular domain of adherence junction protein E-cadherin was significantly reduced in IL-10 Ϫ/Ϫ mice monoassociated with E faecalis OG1RF ( Figure 3A ). Most importantly, the loss of extracellular domain of E-cadherin in E faecalis OG1RF monoassociated IL-10 Ϫ/Ϫ mice was confirmed by immunofluorescence staining of distal colon sections ( Figure  3B ). Expression levels of the intracellular domain of Ecadherin remained unaffected, and we could not detect any differences at the gene transcript level between the different monoassociated IL-10 Ϫ/Ϫ mice, neither for Ecadherin messenger RNA nor for any tested TJ protein ( Figure 3C ). Interestingly, there was a significant induction of MMP-9 messenger RNA expression in the presence of GelE. To address the question of a possible interaction between bacterial GelE and host-derived MMP-9, we incubated recombinant murine pro-MMP-9 with purified GelE. According to the results shown in Figure 3D , bacterial GelE was not able to activate MMP-9 (marked as blue box in Figure 3D ) comparable to the organic compound p-aminophenylmercuric acetate, suggesting that the MMP-9 induction in OG1RF monoassociated IL-10 Ϫ/Ϫ mice was not a direct consequence of the presence of GelE. Due to the fact that E-cadherin protein harbors various cleavage sites for GelE-mediated degradation, we next explored the hypothesis that the loss of extracellular E-cadherin in the disease-conditioned tissue was mediated through proteolytic degradation. Recombinant murine E-cadherin was specifically degraded in the presence of proteolytically active GelE ( Figure 3E ). Furthermore, LC-MS/MS analysis identified various additional cleavage sites in the extracellular domain of recombinant E-cadherin after GelE incubation, supporting the possibility of a direct GelE-mediated degradation in vivo ( Figure 3F and Supplementary Tables 1 and 2 ). These results showed that the loss of extracellular E-cadherin protein was associated with different levels of tissue inflammation and the presence of GelE-producing E faecalis in the disease-susceptible IL-10 -deficient host.
To further investigate the hypothesis that GelE acts on mucosal barrier integrity of disease-conditioned colonic tissue, we performed Ussing chamber experiments with disease-susceptible IL-10 Ϫ/Ϫ and heterozygous TNF ⌬ARE/Wt mice, a mouse model for tumor necrosis factor (TNF)-induced ileitis. We used distal colon segments from 8-week-old mice that have not developed disease pathology at this age ( Figure 4A and C) . As shown in Figure 4B and D, the apical stimulation of the tissue with purified GelE from E faecalis OG1RF and TX5439 led to a significant decrease of the transepithelial electrical resistance (TER) in both mouse models. Epithelial barrier disruption was not significant in Wt mice, suggesting that GelE facilitates the loss of barrier function in disease-conditioned and genetically susceptible hosts. Western blot analysis of GelE-stimulated tissue from Ussing chamber experiments confirmed the loss of extracellular E-cadherin protein domain in colonic tissue from disease-free IL-10 Ϫ/Ϫ and TNF ⌬ARE/Wt mice ( Figure 4E ).
E faecalis-Derived GelE Leads to the Impairment of Epithelial Barrier Function in Ptk6 Transwell Cultures: Synergistic Effects of GelE and Proinflammatory Cytokines
We next studied the effect of E faecalis GelE on epithelial barrier function of fully differentiated Ptk6 Transwell cultures by measuring TER and translocation of fluorescent-labeled markers. Ptk6 cell monolayers were apically stimulated with concentrated conditioned medium of E faecalis OG1RF, the GelE-deficient strains ⌬GelE and ⌬fsrB, and the GelE reconstituted mutants TX5439 and TX5266.01. As shown in Figure 5A , the presence of GelE significantly decreased TER values in comparison to untreated control after 24 hours of incubation. The concentrated conditioned media of the GelElacking strains did not lead to a reduction of TER values, suggesting that GelE was the only component responsible for barrier disruption. Parallel to the GelE-mediated decrease in TER, we detected an enhanced translocation of sodium fluorescein from the apical to the basolateral side of the Transwell system ( Figure 5B ). Proof-of-principle experiments with purified GelE and inhibited proteolytic GelE activity, either through heat treatment or by using marimastat, a broad-spectrum MMP inhibitor, confirmed the GelE-mediated loss of epithelial barrier function (Figure 5C and D) . In addition, the effect of GelE on barrier function of murine IECs could be confirmed by TER experiments with the human colon cell line T84 (Supplementary Figure 1A) . Furthermore, the use of different permeability markers revealed a size-dependent capability for sodium fluorescein (376 daltons), fluorescein isothiocyanate-Dextran 4000 (4000 daltons), and fluorescein isothiocyanate-Dextran 10 (10,000 daltons) to translocate across the polarized Ptk6 Transwell culture (Supplementary Figure 1B) .
It has been shown that TNF and IFN-␥ disrupt epithelial barrier function 34 through the modulation of cytoskeletal filaments 35 and the activation of mitogen-activated protein kinases. 36 To mimic the inflammatory environment, we prestimulated Ptk6 cells basolaterally with TNF and IFN-␥ for 12 hours, followed by 24-hour stimulation with GelE from the apical side. GelE as well as the combination of the proinflammatory cytokines signif-icantly decreased TER values (Supplementary Figure 1C) . Interestingly, the treatment of Ptk6 monolayers with TNF and IFN-␥, in combination with GelE, potentiated the sodium fluorescein flux (Figure 5E ), suggesting a synergistic effect of host-derived cytokines and the bacterial protease GelE in triggering the functional loss of barrier integrity. Immunofluorescence ( Figure 5F ) and Western blot analysis (Supplementary Figure 1D ) of E-cadherin protein expression revealed no changes after GelE treatment using antibodies that specifically target the intracel- Fluor 546) domains of E-cadherin were stained in distal colonic tissue sections. Immunofluorescence was assessed by confocal laser microscopy. Nuclei were counterstained with 4',6-diamidino-2-phenylindole (blue). (C) Transcript levels of junctional proteins and host-derived MMP-2 and MMP-9 in IL-10 Ϫ/Ϫ mice were expressed as relative expression level to the germ-free situation. Data represent mean values SD from 5 mice per group, *P Ͻ .05 (D) Pro-MMP-9 could be activated by p-aminophenylmercuric acetate (blue box), but not through E faecalis GelE demonstrated on protein level (silver stain) and by determining the proteolytic activity (zymography). (E) In contrast to p-aminophenylmercuric acetate-activated MMP-9, E faecalis GelE degraded recombinant murine E-cadherin after 5-second incubation. (F) Predicted and detected cleavage sites for E faecalis GelE in the amino acid sequence of E-cadherin. Cleavage sites were determined by LC-MS/MS analysis. lular or extracellular domain of E-cadherin. However, we observed reduced levels of the TJ protein occludin.
To validate the role of GelE from the colitogenic E faecalis strain OG1RF relative to E faecalis strains from patients with IBD in the context of epithelial barrier modulation, we next isolated E faecalis strains from fecal samples of patients with IBD (CD11, CD18.1 from patients with CD; UC7, UC28.1 from patients with UC) and one strain (AH114) from a healthy control according to their capability to produce GelE ( Figure 6A ). GelE expression in the isolated E faecalis strains and GelE activity in the concentrated conditioned media from these strains were approximately half compared with GelE from OG1RF ( Figure 6B and C) . Therefore, we adapted the quantity used for experiments with Ptk6 cells to GelE activity of the concentrated conditioned media of OG1RF. Concentrated conditioned media from all strains reduced TER values comparable to OG1RF ( Figure 6D ). To further describe the effect of GelE produced by those strains, we purified GelE from CD11 and UC7 according to the same protocol used for GelE from OG1RF. Proteolytic activities of GelE from human isolates were lower compared with GelE from OG1RF. Silver staining revealed additional proteins, which were more abundant in the GelE samples from IBD isolates ( Figure 6E ). Despite the fact that GelE was the most abundant protein, LC-MS/MS analysis identified a set of other proteins in those samples listed in Supplementary Table 3 . Although equal proteolytic activities were used, GelE from CD11 and UC7 did not reduce TER values to the same extent as GelE from OG1RF ( Figure 6F ). These differences might originate from the impurities containing other E faecalis-derived proteins.
In conclusion, the bacteria-derived metalloprotease GelE, in combination with other disease-conditioning factors such as proinflammatory cytokines, may trigger the loss of barrier function mediated by E-cadherin degradation and the subsequent induction of a colitogenic immune response as a consequence of enhanced translocation of immunostimulatory bacterial components across the epithelium (Figure 7) .
Discussion
This study provides mechanistic evidence for the fact that a protease produced by commensal bacteria could contribute to the development of experimental colitis through the impairment of epithelial barrier function. The presence of metalloprotease GelE was shown to potentiate the development of experimental colitis in E faecalis monoassociated IL-10 Ϫ/Ϫ mice, independent of antigen-specific activation of colitogenic CD4 ϩ T cells. Previous studies demonstrated the colitogenic character of the well-described E faecalis strain OG1RF in IL-10 Ϫ/Ϫ mice, 37, 38 but the structural characteristics of this commensal strain responsible for disease initiation and progression remained unclear. In this study, isogenic mutant E faecalis strains lacking GelE exhibited significantly diminished potential to trigger experimental colitis in monoassociated IL-10 Ϫ/Ϫ mice. The colonization with the reconstituted ⌬GelE and ⌬fsrB strains (TX5439 and TX5266.01) was not performed due to unpredictable erythromycin-mediated side effects and technical limitations. Erythromycin is absorbed in the upper gastrointestinal tract, and the dosage to induce the expression of an erythromycin-sensitive promoter in bacteria colonizing the large intestine of mice is completely unknown. Moreover, erythromycin-related macrolide antibiotics have been shown to exert direct immunosuppressive effects on the host, independently from intestinal ecological changes of the gut microbiota. 33 Interestingly, GelE triggered degradation of the extracellular domain of adherence junction protein E-cadherin and the loss of epithelial barrier integrity in disease-susceptible but not Wt mice, suggesting that the luminal milieu in combination with host-derived factors such as proinflammatory cytokines or an intrinsic barrier defect are required for disease initiation. We could confirm these findings in colonic tissues from noninflamed IL-10 Ϫ/Ϫ and TNF ⌬ARE/Wt mice. Of note, E-cadherin, as one regulator of epithelial barrier function and cell-cell adhesion, is targeted by a number of endogenous metalloproteases, including stromelysin-1, matrilysin, 39 ADAM-10, 40 and meprin-␤. 41 GelE degraded murine recombinant E-cadherin, suggesting that the loss of E-cadherin in colonic tissues may be a direct consequence of bacterial GelEmediated proteolytic degradation. In addition, the metalloprotease toxin BFT from Bacteroides fragilis was shown to induce the shedding of the E-cadherin ectodomain through an unknown IEC receptor-mediated induction of ␥-secretase, 42 suggesting the possibility that indirect protease-mediated effects might be implicated in the loss of E-cadherin. Together with the previous description of an intrinsic intestinal barrier dysfunction under IL-10 deficiency, 43 we hypothesize that in the disease-susceptible host GelE might gain access to the epithelium, where it 4™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™ Figure 5 . GelE from E faecalis OG1RF disrupts barrier function of Ptk6 cells. Ptk6 cells were apically stimulated with concentrated conditioned media of E faecalis OG1RF, ⌬GelE, TX5439 (⌬GelE reconstituted strain), ⌬fsrB, and TX5266.01 (⌬fsrB reconstituted strain) (50 L). (A) TER and (B) translocation of sodium fluorescein were measured after 24 hours. Purified GelE (10 g/mL) from E faecalis OG1RF and TX5439 significantly reduced barrier function. (C and D) Specificity of GelE-mediated disruption of barrier function could be shown by using heat-inactivated GelE or inhibitor marimastat and an E faecalis unrelated protein control (UPC). (E) To show synergistic effects of GelE and proinflammatory cytokines on epithelial permeability, cells were preincubated basolaterally with TNF (20 ng/mL) and IFN-␥ (50 ng/mL) for 12 hours, followed by apical GelE stimulation for 24 hours. (F) Values represent triplicates from 1 of 3 independent experiments. Statistically significant differences are calculated by one-way analysis of variance and marked as follows: * P Յ .05, ** P Յ .001. After 24 hours, apical stimulation with active and inhibited GelE, and junctional proteins were stained in green (Alexa Fluor 488) or red (Alexa Fluor 546).
degrades E-cadherin or other unknown target proteins. Various studies have shown that the proinflammatory cytokines TNF and IFN-␥ alter barrier function of cultivated epithelial cells, 34, 36 but fewer data are available for primary tissue. Amasheh et al described changes of mucosal morphology and alterations in TJ profile in rectal explants from a rat model after exposure to TNF and IFN-␥, 44 supporting the hypothesis for a combined and synergistic effect of luminal bacterial proteases and hostderived cytokines in the context of intestinal barrier modulation. We further showed a GelE-mediated disruption of barrier integrity in vitro due to loss of the TJ protein occludin. E-cadherin was not affected in cell culture; thus, we suggest additional or different events happening in vivo that lead to the degradation of the extracellular domain of E-cadherin.
E faecalis strains are part of the intestinal microbiome 15 but are also regarded as nosocomial pathogens and play a role in several infections (eg, endocarditis, 16 bacteremia, 17 and urinary tract infections 18 ). A recent study showed increased numbers of enterococci isolated from biopsy specimens from children with UC and CD compared with healthy controls. 45 However, the microscopic analysis of colonic biofilms showed that enterococci growing in microcolonies occurred on mucosal surfaces of patients with UC, but not in healthy people, suggesting that spatial distribution and mucosal proximity of the microorganisms might be linked to the disease process rather than their absolute numbers. 46 Furthermore, these investigators revealed higher titers of E faecalis-specific antibodies in the serum of patients with UC compared with healthy controls, showing an immune-mediated recognition of E faecalis under conditions of chronic inflammation. It has been shown that GelE controls bacterial survival and dissemination through the regulation of coccal chain length, suggesting that GelE contributes to the spreading of bacteria in high-density environments such as the gut mucosa. The barrier disruption in cultivated IECs mediated by the concentrated conditioned media of our E faecalis isolates from patients with IBD and a healthy control was comparable to the effect of OG1RF. Silver stain of purified GelE showed the presence of several additional proteins. LC-MS/MS analysis revealed that E faecalis GelE was the most abundant protein in all purified GelE samples, but impurities were more potent in the samples of clinical isolates. Membrane-associated proteins were more frequently within the list of further identified proteins. We only can speculate that the additional proteins present in GelE samples from CD11 and UC7 might disturb the protease activity and therefore exhibit a lower potential to break the epithelial barrier. This might explain that even equal proteolytic activities do not possess 4™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™™ Figure 6 . GelE-mediated effect of E faecalis isolates from patients with IBD on barrier function of Ptk6 cells. (A) E faecalis strains possessing a gelatinolytic activity on gelatin-containing TSA agar were isolated from fecal samples. (B) GelE production was assessed on transcript level in the bacteria; (C) proteolytic activity in the concentrated conditioned media from E faecalis strains was determined using an azocasein activity assay. (D) Equal proteolytic activity was used for apical stimulation of Ptk6 cells, and TER was determined after 24 hours. (E) Purified GelE from CD11 and UC7 exhibited less proteolytic activity and a higher abundance of other proteins. (F) Equal proteolytic activity of GelE from OG1RF, CD11, and UC7 was used to apically stimulate cells for 24 hours. TER values represent means Ϯ SD from triplicates from 1 of 3 independent experiments. Statistical significant differences are calculated with one-way analysis of variance and marked as follows: ‫ء‬ P Յ .05, ‫ءء‬ P Յ .001. the same capability to break barrier integrity. It should be emphasized that GelE production was not unique to disease-associated E faecalis isolates. Based on our results, we hypothesize that commensal E faecalis strains from the human gut harbor the potential to produce GelE that mediates disease only in the susceptible host.
In summary, our results show that a bacterial protease from a commensal inhabitant of the gastrointestinal tract can contribute to the development of intestinal inflammation through mechanisms that impair epithelial barrier functions. The GelE-producing E faecalis strain OG1RF induced a significantly higher colonic inflammation in IL-10 Ϫ/Ϫ mice compared with GelEdeficient strains. Although GelE-expressing E faecalis strains were present and functional in patients with IBD and control patients, GelE-mediated loss of barrier integrity was only detectable in the histologically normal but preactivated colonic tissues from IL-10 Ϫ/Ϫ and TNF ⌬ARE/Wt mice, showing that the bacterial metalloprotease GelE can be a disease-conditioning trigger in a susceptible host.
